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Abstract 9 
The structural properties of (1-x)BaTiO3–xBiScO3 and (1-x)PbTiO3–xBiScO3 were 10 
investigated using powder X-ray diffraction and X-ray absorption spectroscopy.  Diffraction 11 
measurements confirmed that substituting small amounts of BiScO3 into BaTiO3 initially 12 
stabilizes a cubic phase at x = 0.2 before impurity phases begin to form at x = 0.5.  BiScO3 13 
substitution also resulted in noticeable changes in the local coordination environment of Ti4+.  14 
X-ray absorption near-edge spectroscopy (XANES) analysis showed that replacing Ti4+ with 15 
Sc3+ results in an increase in the off-centre displacement of Ti4+ cations. Surprisingly, BiScO3 16 
substitution has no effect on the displacement of the Ti4+ cation in the (1-x)PbTiO3–xBiScO3 17 
solid solution. 18 
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1. Introduction 32 
 ABO3-based perovskite solid solutions, particularly PbTi1-xZrxO3, are used extensively 33 
in ferroelectric and piezoelectric devices.1-4  PbTi1-xZrxO3 materials exhibit a large piezoelectric 34 
coefficient, large coupling factor, high Curie temperature (Tc ~ 623 K), and high operating 35 
temperature near the morphotropic phase boundary, a region of the PbTi1-xZrxO3 solid solution 36 
where two ferroelectric phases (tetragonal and rhombohedral) co-exist.5,6  A distinguishing 37 
feature of these two phases is the off-centre displacement of the B-site (i.e. Ti4+/Zr4+) cations.  38 
This has led to considerable interest in understanding how the local structure of PbTi1-xZrxO3 39 
varies with composition as a means of tailoring its electronic properties.  This interest has 40 
extended to lead-free or reduced-lead alternatives to PbTi1-xZrxO3 in recent years because of the 41 
adverse environmental effects of lead-containing materials.7,8  Currently, the most widely used 42 
lead-free ferroelectric perovskite is BaTiO3.9  However, its use is limited by a low Curie 43 
temperature.  A promising method of developing alternatives to PbTi1-xZrxO3 is to replace Pb2+ 44 
with isoelectronic Bi3+. 9  The (1-x)PbTiO3–xBiMeO3 (Me3+ = Sc, In, Y, Yb, Ga) perovskite 45 
materials, particularly (1-x)PbTiO3–xBiScO3, have been identified as promising alternatives 46 
for PbTi1-xZrxO310-17  47 
PbTiO3 adopts a tetragonally-distorted perovskite structure in space group P4mm at 48 
room temperature.10  The tetragonal P4mm perovskite phase is similar to that of the ideal cubic 49 
perovskite structure (space group Pm m) except that the Ti4+ cation (i.e. B-site cation) is 50 
displaced along the z-direction (Figure 1).  The displacement of the Ti4+ cation is believed to 51 
be an important contributor to the ferroelectric behaviour observed in PbTiO3.18  The (1-52 
x)PbTiO3–xBiScO3  solid solution forms the tetragonal P4mm phase at 0 ≤ x ≤ 0.34.  A 53 
morphotropic phase boundary (MPB) is observed at 0.34 ≤ x ≤ 0.36 in (1-x)PbTiO3–xBiScO3 54 
consisting of the ferroelectric tetragonal P4mm and rhombohedral R3m perovskite phases.  In 55 
the rhombohedral R3m phase, the B-site cations are displaced the <111> direction (see Figure 1).  56 
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Only the rhombohedral R3m phase is stable between at 0.36 ≤ x ≤ 0.5.  The (1-x)PbTiO3–xBiScO3 57 
is not stable under normal reaction conditions at x > 0.5.  However, BiScO3 was found to form 58 
a monoclinc C2/c perovskite phase under high pressures.19   59 
Surprisingly, BiScO3 substitution does not enhance the ferroelectric properties of BaTiO3.  60 
BaTiO3 forms the ferroelectric tetragonal P4mm phase at room temperature.  The displacement of 61 
that Ti4+ has been suggested as being influenced by a pseudo Jahn-Teller effect resulting from the 62 
mixing of the HOMO (O t1u and t2u) and LUMO (Ti t2g) states.20  The tetragonal P4mm phase forms  63 
in the (1-x)BaTiO3–xBiScO3 solid solution at 0 ≤ x ≤ 0.05.  The ferroelectric response is slowly 64 
repressed until a relaxor ferroelectric rhombohedral R3m perovskite phase forms.21,22  Both the 65 
ferroelectric tetragonal P4mm and relaxor ferroelectric rhombohedral R3m phases were found to 66 
coexists at 0.05 ≤ x ≤ 0.2.  Unlike normal ferroelectrics, relaxor ferroelectrics show diffuse 67 
phase transitions, strong frequency dependency, and weak remnant polarization.23  The relaxor 68 
ferroelectric behaviour in perovskite materials is believed to be due to local cation disorder.24  69 
The (1-x)BaTiO3–xBiScO3 solid solution is stable up to x = 0.6, where the cubic Pm m 70 
perovskite phase forms at 0.2 ≤ x ≤ 0.6. 71 
It is generally difficult to measure changes in the local structure of perovskite materials using 72 
traditional X-ray diffraction (XRD) techniques as XRD is more sensitive to global symmetry 73 
changes.  X-ray absorption near-edge spectroscopy (XANES) is sensitive to cation 74 
displacement, particularly in Ti-based perovskites.25-29  For example, XANES has been used to 75 
detect subtle differences in the off-centre displacement of the Ti4+ and Zr4+ cations in 76 
(Bi0.5Na0.5)Ti1-xZrxO3, BaTi1-xZrxO3, and (Bi0.5K0.5)Ti1-xZrxO34.25-27  Herein, the structural 77 
properties of (1-x)BaTiO3–xBiScO3 and (1-x)PbTiO3–xBiScO3 is discussed through the 78 
analysis of XANES data and supporting XRD data.  The effect BiScO3 substitution has on the 79 
local structure of BaTiO3 and PbTiO3 has not been extensively investigated, particularly with 80 
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respect to the B-site cations (i.e.Ti4+ and Sc3+).  The effect of a change in composition on the 81 
oxidation state of Bi was also investigated by studying Bi L3-edge XANES spectra. 82 
2. Experimental 83 
2.1. Synthesis 84 
All reagents (PbCO3, Bi2O3, BaCO3, TiO2, Sc2O3) were obtained from Sigma-Aldrich 85 
or Aithaca with purities better than 99 %.  The (1-x)BaTiO3–xBiScO3 (0 ≤ x ≤ 0.4 in 0.1 86 
increments) and (1-x)PbTiO3–xBiScO3, (0 ≤ x ≤ 0.3 in 0.1 increments) samples were prepared 87 
by finely mixing stoichiometric amounts of each reagent under acetone with a mortar and 88 
pestle.  The powders were then pressed into pellets, heated to 800 oC for 4 h, and quench cooled 89 
in air.  Samples were reground, pressed, and heated to 1200 oC for 24 h. This process was 90 
repeated until single phase samples were observed by powder X-ray diffraction (XRD).  91 
Attempts to prepare pure-phase samples of (1-x)BaTiO3–xBiScO3 and (1-x)PbTiO3–xBiScO3 92 
with x ≥ 0.5 and x ≥ 0.4, respectively, were hampered by the presence of impurity phases (i.e. 93 
Bi2O3 and Bi20TiO32). 94 
2.2. Powder X-ray Diffraction 95 
Structural determination of (1-x)BaTiO3–xBiScO3 and (1-x)PbTiO3–xBiScO3 was 96 
performed using powder XRD.  Powder diffraction patterns were collected using a PANalytical 97 
Empyrean X-ray diffractometer equipped with a Co Kα1,2 X-ray source (1.789 Å) over an 98 
angular range of 10o ≤ 2θ ≤ 80o.  Samples were ground into a fine powder and mounted on 99 
glass slides using ethanol before being placed on a spinning stage to prevent preferred 100 
orientation effects.  Rietveld refinements were performed on the diffraction patterns using the 101 
PANalytical X’pert HighScore Plus software program.30  Initial structural models were adapted 102 
from the previously reported structures of both perovskite solid solutions.10,22  Peak shapes 103 
were modelled using a pseudo-Voigt function and the background was fitted using a third-order 104 
polynomial function.  Structural and profile parameters were varied during the refinement. 105 
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2.3. XANES Analysis 106 
The Sc and Ti K-edge XANES spectra were collected using  the Canadian Light 107 
Source/X-ray Science Division Collaborative Access Team (CLS@APS, Sector 20) bending 108 
magnetic beamline (20BM) located at the Advanced Photon Source (APS), Argonne National 109 
Laboratory.31  Finely ground samples were sandwiched between Kapton tape and positioned 110 
45o to the X-ray beam.  The thickness of the samples was varied by adding or removing layers 111 
to maximize the absorption-edge jump.  A Si (111) double crystal monochromator with 112 
harmonic rejection provided a flux of ~1011 photons/sec.  An X-ray beam size of 1 x 3 mm was 113 
used with the spectral resolution being 0.7 eV at 4966 eV (Ti K-edge).32  The spectra were 114 
recorded in transmission mode using ionization chambers filled with 80% helium and 20% 115 
nitrogen to achieve optimal absorption-edge step heights and signal-to-noise ratios. Metal 116 
standards were placed behind the sample and measured concurrently in transmission mode. 117 
The Sc K-edge spectra were calibrated using Sc foil with the lowest energy peak maximum in 118 
the first derivative of the Sc metal K-edge spectrum set to 4492 eV.32  The Ti K-edge spectra 119 
were calibrated using Ti foil with the lowest energy peak maximum in the first derivative of 120 
the Ti metal K-edge spectrum set to 4966 eV.32   121 
The Bi L3-edge XANES spectra were collected using the Very Sensitive Elemental and 122 
Structural Probe Employing Radiation from a Synchrotron (VESPERS; 07B2-1) beamline 123 
located at the Canadian Light Source (Saskatoon, Canada).33  Samples were prepared by 124 
dusting a single layer of finely ground sample onto Kapton tape.  Samples were mounted 125 
perpendicular to the beamline at an angle of 45o.  Monochromatic X-rays were obtained using 126 
a Si(111) monochromator that provided a flux of ~1010 photons/sec.  An X-ray beam size of 127 
0.8 x 0.8 mm2 was used and spectra were collected in fluorescence mode using a 4-element 128 
silicon drift Vortex detector.  An energy step-size of 0.2 eV was used through the absorption 129 
edge.  Spectra were calibrated against Pb metal foil with the maximum in the first derivative 130 
6 
 
of the Pb metal L3-edge set to 13035 eV.32  Note that the Bi L3-edge XANES spectra were not 131 
corrected for self-absorption.  Given the small amount of Bi in these materials, it is unlikely 132 
that self-absorption effects will have a significant impact on the lineshape of the Bi L-edge 133 
spectra.  All XANES spectra reported herein were analyzed using the Athena software 134 
package.32 135 
3. Results and Discussion 136 
3.1. Diffraction analysis 137 
The fitted XRD patterns from (1-x)BaTiO3–xBiScO3 (x ≤ 0.4) and (1-x)PbTiO3–138 
xBiScO3 (x ≤ 0.3) are shown in Figure 2.  The Rietveld refinement results are summarized in 139 
Table 1.  The lattice parameters from (1-x)BaTiO3–xBiScO3 and (1-x)PbTiO3–xBiScO3 were 140 
plotted as a function of x and are shown in Figure 3.  Substituting BiScO3 into BaTiO3 or 141 
PbTiO3 results in an overall increase in the unit cell volume.  For the tetragonal P4mm phases, 142 
BiScO3-substitution results in a decrease in the a parameter and an increase in the c parameter.  143 
This is also evident by the merging of the (002) and (020) reflections in the XRD patterns (see 144 
Figure 4).  A larger increase in the overall displacement parameter was observed in the (1-145 
x)BaTiO3–xBiScO3 solid solution, suggesting that BiScO3 substitution in BaTiO3 results in an 146 
overall larger degree of structural disorder. The solid solution range of (1-x)BaTiO3–xBiScO3 147 
is consistent with previous studies21,22 while the solid solution range of the (1-x)PbTiO3–148 
xBiScO3 is lower than previously reported, which is likely due to differences in reaction 149 
conditions.10  All samples in the (1-x)PbTiO3–xBiScO3 solid solution were fitted to the 150 
tetragonal P4mm perovskite phase.  Members of the (1-x)BaTiO3–xBiScO3 solid solution were 151 
fitted to the tetragonal P4mm perovskite phase at x < 0.2 and the cubic Pm m phase at x > 0.2.  152 
At x = 0.2, refinement of theXRD pattern indicated that there were two phases present 153 
consisting of tetragonal P4mm phase and either the cubic Pm m or rhombohedral R3m phase.  154 
Similar goodness of fit (χ2) were obtained when fitting the pattern to both two-phase models. 155 
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Previous diffraction studies have noted the presence of a similar two-phase region near this 156 
composition, consisting of a tetragonal P4mm phase and a rhombohedral R3m phase exhibiting 157 
pseudo-cubic symmetry.22  It is likely that the rhombohedral R3m phase is similar in structure 158 
to the cubic Pm m phase and cannot be distinguished via laboratory XRD.  Regardless, 159 
substituting BiScO3 into BaTiO3 results in the formation of a cubic-like perovskite structure.  160 
Also, the A-and B-site occupancy parameters were refined to allow for cation-site disorder.  161 
Refining the occupancy parameters resulted in no observable improvement in the χ2 value of 162 
most diffraction patterns, suggesting that there was no cation site disorder.  The χ2 value for 163 
the fitted pattern of 0.6BaTiO3–0.4BiScO3 was slightly improved when refining the site 164 
occupancy parameters, decreasing from 2.09 to 1.99.  Refinement of the occupancy parameters 165 
suggested that Bi and Sc may occupy 3.8 % of the B- and A-site, respectively. 166 
Note that the characteristic superlattice reflections associated with the tetragonal P4mm 167 
phase (i.e. the (002) and (020) reflections) disappears at x = 0.1, suggesting a phase 168 
transformation occurs at this composition.  Attempts were made to fit the pattern to a two-169 
phase model consisting of the P4mm phase and either the cubic Pm m or rhombohedal R3m 170 
phases.  Fitting the pattern to the P4mm + Pm m model indicated that this composition 171 
consistent of mostly of the P4mm phase (98.6%).  Refinements that included the R3m and 172 
P4mm phases would fit the pattern to only the P4mm phase.  This indicates that the tetragonal 173 
P4mm structure is the predominant perovskite phase at x = 0.1. 174 
In general, the phases observed in the (1-x)BaTiO3–xBiScO3 and (1-x)PbTiO3–xBiScO3 175 
solid solutions conforms to the Goldschmidt’s tolerance factor (t), an empirical tool used to 176 
predict the stability and distortions in perovskites.34  The tolerance factor is defined as: 177 ! = #$%#&√((#*%#&)     (1) 178 
where ,- is the ionic radius of the 12-cooridinate A-site cation, ,. the ionic radius of the 6-179 
coordinate B-site cation, and ,/ the ionic radius of 6-coordinate O2- anion.  Perovskites phases 180 
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are expected to form when t falls between 0.88–1.09, assuming Shannon’s ionic radii rules.35,36  181 
Cubic perovskites are expected to form at t  = 1.  Perovskites with t > 1 typically form tetragonal 182 
phases and perovskites with t < 1 favours the formation of low symmetry phases such as 183 
rhombohedral, orthorhombic, or monoclinic structures.  BaTiO3 and PbTiO3 have tolerance 184 
factors of 1.06 and 1.02, respectively, consistent with the formation of the tetragonal P4mm 185 
perovskite structure.  Substituting BiScO3 into BaTiO3 and PbTiO3 lowers the tolerance factor 186 
and should result in an overall decrease in tetragonal structural distortions.  The XRD results 187 
reported here generally agrees with this prediction as the cubic Pm m phase forms in 188 
0.8BaTiO3–0.2BiScO3 where t = 1.01.   189 
Information on Ti4+/Sc3+ off-centre displacement in each solid solution can be obtained 190 
from the Ti4+/Sc3+ atomic coordinates (½, ½, z), particularly the z parameter (see Table 1).  The 191 
z parameter correlates with the displacement of the Ti4+/Sc3+ cations along the z-direction in 192 
the P4mm phase.  In general, Ti4+/Sc3+ displacement increases as the z1b parameter deviates 193 
from 0.5.  The Ti4+/Sc3+ z parameters for (1-x)BaTiO3–xBiScO3 and (1-x)PbTiO3–xBiScO3 are 194 
listed in Table 1.  The Ti4+/Sc3+ z1b parameter in the (1-x)BaTiO3–xBiScO3 solid solution 195 
approaches 0.5 with increasing x, suggesting that Ti4+/Sc3+ displacement decreases until the 196 
cubic Pm m phase forms.   197 
3.2. XANES analysis  198 
3.2.1. Ti K-edge XANES 199 
 The Ti K-edge XANES spectra from representative members of the (1-x)BaTiO3–200 
xBiScO3 and (1-x)PbTiO3–xBiScO3 solid solutions are shown in Figure 5.  The Ti K-edge 201 
XANES spectra consists of two major regions:  the main edge (Region A) and the pre-edge 202 
(Region B).37  The main edge corresponds to a dipole-allowed transition of Ti 1s electrons into 203 
unoccupied 4p states and is highly dependent on the oxidation state (i.e., absorption edge 204 
energy) and local coordination environment of Ti (i.e., lineshape).38,39  BiScO3 substitution has 205 
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no effect on the Ti  K-edge absorption edge energy of PbTiO3 and BaTiO3, indicating that Ti 206 
remains tetravalent in both solid solutions.  Differences in the lineshape between BaTiO3 and 207 
PbTiO3–based solid solutions is likely due to differences in the hybridization of Ti 4p states 208 
with the nearest and next-nearest neighbours bonding states (i.e., Ba 6p vs Pb 6p).  The intensity 209 
of the main edge features of BaTiO3 becomes broader with BiScO3 substitution.  The lineshape 210 
of the Ti K-edge main edge feature is known to be sensitive to local disorder around the 211 
absorbing Ti atom.39-42  Local disorder around the absorbing atom generally results in greater 212 
destructive interference in the multiple scattering contributions to the main edge.  This leads to 213 
the broadening of features in main edge region of the Ti K-edge.39,40  Peak broadening observed 214 
in the Ti K-edge XANES spectra of (1-x)BaTiO3–xBiScO3 is likely due to increased structural 215 
disorder. Note that similar broadening was not observed in the Ti K-edge of (1-x)PbTiO3–216 
xBiScO3 (see Figure 5b), suggesting that there is little local disorder.  217 
 The Ti K-edge pre-edge corresponds to the dipole-forbidden transition of 1s electrons 218 
into unoccupied 3d states.  The probability of a dipole forbidden transition is low compared to 219 
a dipole-allowed transition.  As such, features in the pre-edge will be significantly less intense 220 
than those observed in the main edge.  The pre-edge features can be enhanced through overlap 221 
of the d states with p states of the adsorbing atom and neighbouring atoms.37  Therefore, the 222 
pre-edge will be influenced by both the oxidation state (i.e., number of available d states) and 223 
the coordination environment of the absorbing atoms (i.e., p-d mixing).37  Analysis of the main-224 
edge features suggested that BiScO3 substitutions does not change the oxidation state of Ti4+.  225 
As such, any changes in the pre-edge induced by BiScO3 substitution will likely be due to 226 
changes in the local coordination environment of Ti4+ cations.  There are four major features 227 
observed in the Ti K-edge pre-edge.  In titanium-based perovskite systems, feature B1 and B2 228 
corresponds to the transition of a 1s electron into unoccupied t2g and eg* states, respectively. 43-229 
52  Feature B2 is generally more intense than B1 due to a strong degree of hybridization between 230 
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Ti eg* states with Ti 4p and neighbouring O 2p states.46  For (1-x)BaTiO3–xBiScO3, feature B2 231 
increases in intensity with x, indicating an increase in p-d overlap.  Several studies have shown 232 
that this feature is sensitive to the off-centre displacement of Ti4+ cations due to small changes 233 
in the p-d overlap.25,43,46,47, 50-52  The intensity of feature B2 is related to the off-centre 234 
displacement of Ti4+ by the following equation: 25,50-52 235 
0.( = 123(4/5.5 236 
where IB2 is the intensity of feature B2, 123( is the off-centre displacement of Ti4+ cations, and 237 
ao is the size of the TiO6 octahedron.  Therefore, the intensity of feature B2 is directly 238 
proportional to the mean-squared off-centre displacement of the Ti4+ cation.25  The increase in 239 
feature B2 is likely due to an increase in Ti4+ off-centre displacement with BiScO3 240 
substitution.26  Note that the pre-edge feature is only proportional to the magnitude of the off-241 
centre displacement of Ti4+ cations and not the direction.  It is possible that BiScO3-substituion 242 
can change the direction of the displacement of Ti4+ cations.  However, this cannot be inferred 243 
from the Ti K-edge pre-edge.  Also, no observable changes in the intensity of B2 were observed 244 
in (1-x)PbTiO3–xBiScO3, suggesting that BiScO3 has no effect on the displacement of Ti4+ 245 
cations. 246 
 Features B3 and B4 are similar to those observed in other Ti-based perovskite 247 
systems.26,27,50  These features could only be reproduced in model spectra constructed from a 248 
large (greater than 50) cluster of atoms, suggesting that these transitions originate from the 249 
transition of the 1s electron into next-nearest neighbour d states.50  Feature B3 corresponds to 250 
the transition of a Ti 1s electron into the neighbouring Ti atoms 3d states.25,26,50  The intensity 251 
of feature B3 decreases with x in (1-x)BaTiO3–xBiScO3 and is consistent with a decrease in the 252 
number of neighouring Ti 3d states.  Feature B4 is similar to a feature observed in BaTi1-xZrxO3 253 
and (Bi0.5Na0.5)Ti1-xZrxO3 that is assigned to the transition of a Ti 1s electrons into neighouring 254 
Zr 4d states. 25,26,50    Given the relative size different between Ti4+ (0.61 Å) and Sc3+ (0.745 Å) 255 
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cations,35 it is likely that Sc3+ would have a larger crystal field splitting energy than Ti4+.  256 
Therefore, feature B4 could be assigned to the transition of a Ti 1s electron into neighbouring 257 
Sc 3d states.  The increase in the intensity of B4 with x in (1-x)BaTiO3–xBiScO3 suggests that 258 
there is an increase in the number of neighbouring Sc3+ cations.  Overall, trends in features B3 259 
and B4 suggests that there is no local clustering of Ti4+ cations throughout the (1-x)BaTiO3–260 
xBiScO3 system.  Note that there are relatively little changes in the intensity of features B3 and 261 
B4 in (1-x)PbTiO3–xBiScO3, suggesting that BiScO3 substitution has little effect on Ti4+ off-262 
centre displacement. 263 
3.2.2. Sc K-edge XANES 264 
Compared to the other transition metals, there is relatively little work reported on the 265 
Sc K-edge XANES spectra.53-56  As shown in Figure 6, the Sc K-edge lineshape is similar to 266 
that of Ti, consisting of two major regions representing the main edge (Sc 1s-to-Sc 4p 267 
transition: Region A) and the pre-edge (Sc 1s-to-Sc 3d transition; Region B).  Three features 268 
(labelled B1-B3) are observed in the Sc K-edge pre-edge region that are similar to the features 269 
observed in the Ti K-edge pre-edge region.  Previous studies of the Sc K-edge pre-edge features 270 
have demonstrated that the intensity of the pre-edge is sensitive to the local coordination 271 
environment of Sc3+ cations.53  Features B1 and B2 corresponds to the transition of a Sc 1s 272 
electron in Sc t2g and eg* states, respectively.  Feature B2 should be sensitive to the displacement 273 
of Sc3+ cations due to the overlap of Sc 3d eg* and O 2p states.  In both solid solutions, the 274 
intensity of B2 does not change with x, indicating that substitution appears to have little to no 275 
effect on the displacement of Sc3+ cations.  Feature B3 likely corresponds to the transition of a 276 
Sc 1s electron into neighbouring Sc 3d states.  Like other features in the pre-edge, there is no 277 
change in the intensity of this feature in either solid solution, suggesting that there is no change 278 
in the number of neighbouring Sc3+ cations.  Surprisingly, the main edge broadens with 279 
increasing x, which is consistent with increased structural distortion.  There were no lineshape 280 
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changes observed in the Sc K-edge XANES spectra from (1-x)PbTiO3–xBiScO3, suggesting 281 
that there is little local disorder of the Sc3+ local environment. 282 
3.2.3. Bi L3-edge XANES 283 
 Broadening of the Ti K-edge XANES spectra of (1-x)BaTiO3–xBiScO3 suggests that 284 
BiScO3 substitution increases local disorder.  XRD analysis also indicated that there may be a 285 
small degree of cation site disorder may occur in the (1-x)BaTiO3–xBiScO3 solid solution.  286 
However, the ionic radius of Bi3+ (1.17 Å) is likely too large to substitute into the B-site.  287 
However, Bi can occupy the B-site in an ABO3 perovskite in the form of Bi4+, which 288 
disporportionates into Bi3+ and Bi5+.57  If metal site disorder occurs in (1-x)BaTiO3–xBiScO3, 289 
the oxidation state of Bi should increase with x due to the presence of Bi5+.  As such, the 290 
oxidation state of (1-x)BaTiO3–xBiScO3 and (1-x)PbTiO3–xBiScO3 was investigated by 291 
analyzing the Bi L3-edge XANES spectra (see Figure 7).  The lineshape of the Bi L3-edge is 292 
influenced by both the Bi oxidation state and local structure.58,59  This is evident when 293 
comparing the Bi L3-edge spectra for Bi2O3 (Bi3+) and Ba1.5Sr0.5BiLuO6 (Bi5+).  The Bi L3-edge 294 
of Ba1.5Sr0.5BiLuO6 consists of three well-defined features (labelled A-C) compared to the two 295 
broad peaks (labelled A and B) observed in Bi2O3. The features in the Bi L3-edge XANES 296 
spectrum from Bi2O3 corresponds to a dipole-allowed transition of Bi 2p electrons into 297 
unoccupied Bi 5d states, which split into bonding (Feature A) and anti-bonding (Feature B) Bi 298 
5d states.59 These features are shifted to higher energies in Ba1.5Sr0.5LuBiO6 due to the higher 299 
oxidation state of Bi.  An additional low energy feature (Feature C) is observed in the spectrum 300 
from Ba1.5Sr0.5LuBiO6 that corresponds to a dipole-allowed transition of Bi 2p electrons into 301 
unoccupied Bi 6s states.59  The Bi L3-edge lineshape and absorption edge energies of (1-302 
x)BaTiO3-xBiScO3 and (1-x)PbTiO3-xBiScO3 are similar to that of Bi2O3, consistent with the 303 
presence of Bi3+ in both solid solutions.  The observation of no apparent lineshapes changes in 304 
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either solid solution indicates that Bi remains trivalent.  Therefore, it is unlikely that Bi cations 305 
occupy the B-site in either perovskite solid solution. 306 
4. Conclusion 307 
 The long-range and local structures of (1-x)BaTiO3–xBiScO3 and (1-x)PbTiO3–308 
xBiScO3 were investigated using XANES.  Refinement of the X-ray diffraction patterns 309 
showed that (1-x)BaTiO3–xBiScO3 undergoes a tetragonal (P4mm) to cubic (Pm m) phase 310 
transformation at x = 0.2.  XANES analysis showed that substituting BiScO3 into BaTiO3 311 
increases the off-centre displacement of Ti4+ cations but has little effect on the off-centre 312 
displacement of Sc3+ cations. XANES analysis also showed that BiScO3 substitution into 313 
PbTiO3 has little effect on the local structure of the Ti4+ and Sc3+ cations despite (1-x)PbTiO3–314 
xBiScO3 showing enhanced ferroelectric behaviour at a MPB.10  This is likely due to the 315 
influence of the Pb2+ and Bi3+ 6s2 lone pairs.  Ordering of the Pb2+ 6s2 lone pair in PbTiO3 316 
displaces Pb2+ cation from the centre of the A-site, which also induces additional displacement 317 
of the Ti4+ cation.18  Introducing another lone pair active cation (i.e. Bi3+) into the A-site of 318 
PbTiO3 may not result in additional Ti4+ cation displacement due to the existing lone pair active 319 
cation (i.e. Pb2+).  Substituting Bi3+ into the A-site of BaTiO3 enhance the off-centre 320 
displacement of Ti4+ cations  as BaTiO3 does not contain a lone pair active cation.  Studies on 321 
the local structure of Bi3+ cations in (1-x)BaTiO3–xBiScO3.showed that Bi3+ cations are 322 
displaced from their ideal position, suggesting that the 6s2 lone pairs are ordered.28  Note that 323 
the influence of the Bi3+ 6s2 lone pair on the off-centre displacement of the Sc3+ cations may 324 
also explain by the local structure of Sc3+ cations are relatively insensitive to substitution.  325 
Overall, this study suggests that the A-site cation has a noticeable effect on the local structure 326 
of the B-site cation in perovskite materials. 327 
Finally, it is interesting to note that BiScO3 substitution in BaTiO3 does not result in 328 
enhanced ferroelectric behaviour despite an increase in Ti4+ off-centre displacement.  This may 329 
14 
 
be due to an increase in local disorder observed in the Ti and Sc K-edge of (1-x)BaTiO3–330 
xBiScO3.  Increased local disorder may favor relaxor ferroelectric behaviour rather than normal 331 
ferroelectric behaviour.22,23   332 
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7. Figures and Tables Caption 503 
Figure 1. Representations of the three perovskite structures observed in the (1-x)PbTiO3–504 
xBiScO3 and (1-x)PbTiO3–xBiScO3 solid solutions highlighting the Ti4+/Sc3+ octahedron.  The 505 
black arrow shows the direction of polarization in the tetragonal P4mm (z-direction) and 506 
rhombohedral R3m (<111> direction) perovskite structures.  Note that the cubic Pm m 507 
perovskite structure does not exhibit polarization. 508 
Figure 2. The fitted XRD patterns of a) (1-x)BaTiO3–xBiScO3 (0 ≤ x ≤ 0.4) and b) (1-509 
x)PbTiO3–xBiScO3 (0 ≤ x ≤ 0.3).  The solid black lines represents the raw diffraction patterns 510 
and the solid red lines represents the results of the Rietveld refinements.  The residual pattern 511 
is shown in blue.  Results of the Rietveld refinements are tabulated in Table 1. 512 
Figure 3. Plots of unit cell parameters as functions of x for a) (1-x)BaTiO3–xBiScO3 (0 ≤ x ≤ 513 
0.4) and b) (1-x)PbTiO3–xBiScO3 (0 ≤ x ≤ 0.3).  Black symbols correspond to the unit cell 514 
parameters of the tetragonal P4mm phase.  Red symbols correspond to the unit cell parameters 515 
of the cubic Pm m phase. 516 
Figure 4. Enlargements of the XRD patterns of a) (1-x)BaTiO3–xBiScO3 (0 ≤ x ≤ 0.4) and b) 517 
(1-x)PbTiO3–xBiScO3 (0 ≤ x ≤ 0.3) highlighting the shifts in the (002) and (020) diffraction 518 
peaks. 519 
Figure 5. The Ti K-edge XANES spectra of a) (1-x)BaTiO3–xBiScO3 and b) (1-x)PbTiO3–520 
xBiScO3 solid solutions.  The dashed line represents the Ti K-edge absorption edge energy and 521 
is used to visually separate the main edge (labelled A) and pre-edge (labelled B) regions.  Major 522 
features of the Ti K-edge pre-edge region are highlighted in the inserts.   523 
Figure 6. The Sc K-edge XANES spectra of a) (1-x)BaTiO3–xBiScO3 and b) (1-x)PbTiO3–524 
xBiScO3 solid solutions.  The dashed line represents the Si K-edge absorption edge energy and 525 
is used to visually separate the main edge (labelled A) and pre-edge (labelled B) regions.  Major 526 
features of the Sc K-edge pre-edge region are highlighted in the insets.   527 
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Figure 7. The Bi L3-edge XANES spectra of representative members of the a) (1-x)BaTiO3–528 
xBiScO3 and b) (1-x)PbTiO3–xBiScO3 solid solutions. The Bi L3-edge XANES spectra of 529 
Bi2O3 (Bi3+) and Ba2LuBiO6 (Bi5+) are displayed as the black dash and solid lines, respectively.  530 
Features A-C are discussed in the text.  All spectra were collected in fluorescence mode. 531 
Table 1. Results of the Refinements of (1-x)BaTiO3–xBiScO3 and (1-x)PbTiO3–xBiScO3. 532 
 533 
 534 
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Figure 4 
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Table 1 
 
a Ti(Sc) cations occupy the 1b site at (½, ½, z).  The z parameter was refined for each composition. 
b Profile Residual: !" = ∑ %&',) − &+,),) ∑ &-,)).  
c Weighted Profile Residual: !/"0 = ∑ 1)%&',) − &+,),0) ∑ 1)%&-,),0).  
d Expected Residual: !23"0 = 4 ∑ 1)%&-,),0)⁄  
 
e A- and B-site occupancy parameters were refined.  Bi and Sc occupied 3.8% of the B- and A-sites, respectively. 
 (1-x)BaTiO3–xBiScO3 (1-x)PbTiO3–xBiScO3 
 x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0 x = 0.1 x = 0.2 x = 0.2 
Space Group P4mm 
(No. 99) 
P4mm 
(No. 221) 
P4mm 
(No. 99) 
Pm m  
(No. 221) 
Pm m  
(No. 221) 
Pm m  
(No. 221) 
P4mm 
(No. 99) 
P4mm 
(No. 99) 
P4mm 
(No. 99) 
P4mm 
(No. 99) 
X (%) 100 % 100 % 12.5 % 87.5 % 100 % 100 % 100 % 100 % 100 % 100 % 
a (Å) 3.99524(5) 4.01383(7) 4.0372(1) 4.02918(3) 4.03779(4) 4.04715(4) 3.90109(6) 3.9242(1) 3.94484(6) 3.97294(7) 
c (Å) 4.03364(5) 4.02400(9) 4.0478(1)    4.14751(7) 4.1199(1) 4.12003(6) 4.10081(8) 
V (Å3) 64.383 64.829 65.976 65.411 65.831 66.289 63.119 63.426 64.115 64.728 
Boverall 0.109 0.283 0.455 0.940 1.14 0.309 0.584 0.781 0.988 
t 1.062 1.046 1.031 1.031 1.016 1.001 1.019 1.008 0.997 0.9860 
Ti(Sc) za 0.488(4) 0.498(2) 0.499(9)    0.462(2) 0.476(2) 0.471(2) 0.476(2) 
Ti(Sc)-O1 (Å) 1.926 1.990 2.02 2.015 2.019 2.204 1.723 1.640 1.684 1.675 
Ti(Sc)-O1 (Å) 2.107 2.034 2.028    2.414 2.479 2.436 2.425 
Ti(Sc)-O2 (Å) 2.017 2.007 2.019    2.028 2.013 2.045 2.058 
Avg Ti(Sc)–O(Å)  2.016667 2.010333 2.022333 2.015 2.019 2.204 2.055 2.044 2.055 2.052667 
Ba(Bi)-O1 (Å) 2.825 2.838 2.855 2.849 2.855 2.862 2.807 2.823 2.833 2.851 
Ba(Bi)-O2 (Å) 2.710 2.817 2.824    2.586 2.601 2.565 2.562 
Ba(Bi)-O2 (Å) 2.974 2.867 2.893    3.132 3.109 3.169 3.180 
Avg Ti(Sc)–O (Å) 2.836333 2.840667 2.857333 2.849 2.855 2.862 2.841667 2.844333 2.855667 2.864333 
Rpb 8.42 7.22 6.72 6.79 6.97 8.77 7.33 6.76 6.84 6.83 
Rwpc 11.61 9.210 8.86 9.27 9.73 11.77 9.51 8.98 8.99 
Rexpd 8.27 6.89 6.42 6.76 6.72 5.16 5.21 5.09 5.03 
χ2 1.97 1.63 1.73 1.87 1.96e 3.86 3.33 3.21 3.20 
